Abstract Conjugated nanocrystals using CdSe/ZnS core/shell nanocrystal quantum dots modified by organic linkers and glucose oxidase (GOx) were prepared for use as biosensors. The trioctylphophine oxide (TOPO)-capped QDs were first modified to give them water-solubility by terminal carboxyl groups that were bonded to the amino groups of GOx through an EDC/NHS coupling reaction. As the glucose concentration increased, the photoluminescence intensity was enhanced linearly due to the electron transfer during the enzymatic reaction. The UV-visible spectra of the as-prepared QDs are identical to that of QDs-MAA. This shows that these QDs do not become agglomerated during ligand exchanges. A photoluminescence (PL) spectroscopic study showed that the PL intensity of the QDs-GOx bioconjugates was increased in the presence of glucose. These glucose sensors showed linearity up to approximately 15 mM and became gradually saturated above 15 mM because the excess glucose did not affect the enzymatic oxidation reaction past that amount. These biosensors show highly sensitive variation in terms of their photoluminescence depending on the glucose concentration.
Introduction
Recently semiconductor nanocrystal quantum dots (QDs) have attracted tremendous interest from many researchers in various fields due to their unique optical properties and chemical stability. [1] [2] [3] [4] This is because QDs show broad excitation spectra, narrow emission bands, and photo-bleaching resistance. However, bare QDs are very unstable due to dangling bonds existing at the surface, which can act as trap sites for excitons, thus in general they show poor photoluminescence intensity. Overcoating the QDs with another semiconductor with higher energy band gap can considerably enhance their photoluminescence intensity by passivating the surface of the QDs. 5) Among these, CdSe QDs overcoated with ZnS are the most popular one because of their almost full visible-range light emission capability according to their size variation, originating from the so-called, quantum confinement effect. [1] [2] [3] [4] [5] Due to the aforementioned strong photoluminescence and chemical stability compared to organic dyes, they have found promising applications for biological assays.
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Nowadays, the number of diabetes patients is dramatically increasing worldwide and the precise detecting of glucose concentration becomes a critical issue to the patients. When people have more than about 11.1 mM glucose concentration in the blood, they can be diagnosed to the patients of the diabetes. Therefore, the detecting of glucose concentration is very critical to the diabetes' patients. Therefore, current research and development trend in the glucose sensors is to improve sensitivity of the sensor to minimize the amount of blood drawing. Until now, electrochemical sensors using enzyme electrodes are the most popular one [9] [10] [11] [12] , but this system in general requires three electrodes that are working, reference, and counter electrodes. These glucose biosensors until now have been used amperometric sensors by immobilization of the GOx onto the electrodes. Consequently, they need at least 1.0 µl blood and designing of the micro-scale electrode chambers is a complicate process based upon micro-electromechanical system (MEMS) techniques.
On the other hand, many researchers are trying to make use of fluorescent materials in the biological sensing mainly due to their high sensitivity. Many of fluorophores which are organic, however, were proved to have limitations for sensor applications such as chemical or photophysical bleaching. 14) Through combining with receptors such as proteins or DNA and detachment from the QD surface, the PL intensity was partially recovered and the amount of PL peak intensity was used as a measure of glucose concentration. 15, 16) In this study, we report another effective design of PL glucose biosensors using CdSe/ZnS QDs, organic acid and glucose oxidase (GOx). We measured the increase in the PL peak intensity through the transfer of electrons occurring during the enzymatic oxidation reaction to the conduction band of the QDs. Mercaptoacetic acid (MAA) was used not only as a surfactant to give water solubility but also as a linker for the GOx molecules as proposed by Chan and Nie.
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2. Experimental procedure
Chemicals and reagents
High-purity chemicals of cadmium oxide (CdO), hexadecylamine (HDA), selenium (Se), trioctylphosphine oxide (TOPO), tributylphosphine (TBP), hexamethyldisilathiane [(TMS) 2 S], dimethylzinc (ZnCH 3 ) 2 from Sigma Aldrich (Milwaukee, WI) were used for the synthesis of CdSe/ZnS nanocrystals. Also, mercaptoacetic acid (MAA), n-hydroxysulfo-succinimide (Sulfo-NHS), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), stearic acid (SA), glucose, glucose oxidase (GOx), phosphate buffered saline (PBS) solution and ethylene-diaminetetraacetic acid (EDTA) all from Sigma-Aldrich were used for the synthesis of bioconjugates and for the analysis of glucose sensor properties.
Instrumentation
The morphology and crystallinity of the core-shell QDs were investigated by high-resolution transmission electron microscopy (HRTEM: TECNAI G 2 F20, FEI, Amsterdam, Netherlands) and X-ray diffraction (XRD: Rigaku Ultima-2000, Tokyo, Japan). Optical properties were examined by using UV-visible absorption (JASCO UVVisible Spectrophotometer: V530, Tokyo, Japan) and photoluminescence (PL: Hitachi F-4500, Tokyo, Japan).
Synthesis of CdSe/ZnS core/shell QDs
Based on the previous reports from Peng et al. and Huang et al., the CdSe/ZnS core/shell QDs were synthesized. Cadmium oxide was used as a cadmium precursor instead of Cd(CH 3 ) 2 due to its environmental advantage.
18) To enhance the photoluminescence of the CdSe QDs, they were overcoated with ZnS having higher energy band gap. In the typical synthetic process, CdO and SA were mixed and heated to 150 o C with N 2 gas minutes until this mixture being clear solution. TOPO and the same amounts of HDA were let into above the three-neck flask, and heated with stirring until clear solution again. The selenium shot prepared by mixing Se with TBP was swiftly injected into the three-neck by a syringe. The centrifuged QDs were rinsed and dried in the oven and redispersed into chloroform.
To enhance the photoluminescence of the CdSe QDs, these QDs were overcoated with other materials having higher band gap, such as ZnS based on the other paper. 
Surface modification of the QDs by ligand exchange with MAA
The whole procedure of the surface modification is depicted in brief as the Fig. 1 After the synthesis of the TOPO capped CdSe/ZnS QDs using the inverse micelle technique, the TOPO was replaced with MAA to make them soluble in PBS solution. Due to the carboxylate ligand existing in the MAA molecules, they can play a major role in providing water-solubility to the QDs, and agglomeration of the QDs was further prevented by introduction of EDTA to the PBS solution.
Bioconjugation of the QDs with glucose oxidase (GOx)
Sulfo-NHS and EDC were added into the CdSe/ZnS-MAA solution and the solution was shaken for a while. Subsequently, the GOx dissolved in the PBS solution was added into the vial and the solution was shaken for 2 h. Then, QDs in this solution were obtained by centrifugation and these particles were cleaned and redispersed in the PBS and EDTA solution. Fig. 2 shows HRTEM image of the as-prepared CdSe/ ZnS QDs and it shows well dispersion of the QDs owing to the TOPO capping. The average size of the QDs was about 5 nm and they show high crystallinity having wurzite structure based on the JCPDS cards.
Results and Discussion
Also, XRD peak shift to high two-theta angles was induced due to the compressive strain of CdSe core by ZnS shell having a smaller lattice parameter, which is one of the evidences of ZnS shell formation 19) (see Fig.   S1 in the supplemental material section). Because the lattice parameter of the ZnS (a = 3.777 Å, c = 6.188 Å) is smaller than the core CdSe (a = 4.299 Å, c = 7.010 Å), the core CdSe have compressed from the shell ZnS when the CdSe and ZnS are formed core/shell structure. Due to the reduction of the lattice parameter of the CdSe QDs, we can see peak shift of the XRD to high angles according to the Bragg's law. As a result, this is the indirect evidence of the formation of core-shell structure CdSe/ZnS. And from the Sherrer's formula, the size of CdSe/ZnS QDs is calculated to 4.97 nm which is well accorded with the HRTEM image. From Fig. S2 in the supplemental material section, the CdSe/ZnS core/shell QDs showed considerably enhanced PL intensity compared to the bare CdSe QDs, which is another evidence of ZnS shell formation. The ZnS shell must have effectively passivated the surface of CdSe QDs to delete surface trap sites, for example dangling bonds, to prevent non-radiative exciton recombination. A little red shift in the PL peak is due to the extension of electron wave function of CdSe core to the ZnS shell and partially due to the the increase in the size of CdSe QDs. Fig. 3 shows the UV-visible light absorption spectra from CdSe, CdSe/ZnS, and CdSe/ZnS-MAA. The CdSe/ ZnS showed red shift compared with the bare CdSe due to the same reason of the PL analysis. Also, based on the UV-visible spectra, the size of colloidal semiconductor nanocrystals can be expressed as the following quantum confinement equation: (1) Here, Eg(dot) is the energy bandgap of QDs, Eg(bulk) is the energy bandgap of a bulk semiconductor, h is the Planck constant, m* is the reduced mass of excitons, d is the diameter of a QD, e is the electron charge, ε is the relative dielectric constant and ε o is the dielectric constant. From above quantum confinement equation, the calculated size of the QDs is about 5.23 nm, and this size also nearly agrees with the TEM image and the Sherrer's formula in the XRD.
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The CdSe/ZnS-MAA QDs show a light absorption peak almost identical to that of CdSe/ZnS. From this result, the agglomeration of the QDs is not occurred during the ligand exchange. The reaction of the ligand exchange and the water-solubility of QDs can be originated from the two functional groups that are mercapto group and carboxylic acid group. The very highly nucleophilic sulfur which is in the mercapto group has a strong affinity to the zinc that is the ZnS shell, so TOPO can be replaced with MAA. Once, this carboxylic acid group has very high hydrophilic manners. As a result, the carboxylic acid group gives the CdSe/ZnS QDs water-solubility and at the same time, MAA can be attached to the QDs due to the mercapto group. Also, the carboxylic acid group which is the end ligand of the QDs provides a reactive functional group for immobilization of the GOx. In order to attach the GOx to the surface of the QDs, the coupling reaction was employed. In brief, carboxylic acid which is the functional group on the surface of QDs reacts with EDC, and sulfo-NHS combine at the end of the QDs, then the amine group in the GOx can be immopbilized by replacement of the sulfo-NHS on the QDs.
20)
The PL intensity variation after addition of the glucose was induced from the electrons that come from byproduct of glucose and GOx reaction during oxidation of the D-glucose to D-gluconic acid according to the following reaction:
Concisely, the first reaction is occurred by hydrolysis by GOx, and two hydrogen and two electrons generated due to GOx are moved to the flavin adenine dinucleotide (FAD) which is the co-enzyme of the GOx. The Fig. 4 depicted reaction of D-glucose to D-gluconic acid by GOx. Then, the FAD is changed to FADH 2 due to the two hydrogens.
21) Consequently, the generated electrons are transferred to the QDs through MAA linkers. The short molecular chain of the MAA is beneficial for effective electron transport to the QDs rather than mercapto-undecaonic acid (MUA) and mercapto-propyl acid (MPA). For controlling other variable in the PL intensity changes, the change of the pH value was measured but PL intensity remained almost the same value, so we excluded this effect. Due to the transfer of the electrons after glucose is oxidized, these electrons enhance the PL intensity compared with the PL intensity before the glucose injection. This electron transfer can enhance the PL intensity by the spontaneous electronhole recombination, and the increase in the PL intensity is proportional to the concentration of glucose in the PBS solution. Thus, the PL intensity enhancement can be used as a measure of the glucose concentration. Fig. 5 shows the variation in the PL spectra with the glucose concentration. Based on the Fig. 5(a), Fig. 5(b) is derived as the concentration of glucose increase in the solution. The FWHM change in the carious PL data did not occur and through this analysis, the increase in PL intensity induced due to the injection of the electorns. The PL intensity variation shows linearity up to about Fig. 4 . The principle of enhanced photoluminescence in the CdSe/ZnS-MAA-GOx bioconjugates by electron transfer from glucose oxidation.
15 mM, which reveals that the GOx-immobilized QD bioconjugates have strong potential to be used for precise glucose sensing. From 0 mM to 15 mM range, the ratio of the PL intensity increase is nearly linear. In this range this glucose biosensor is reliable to measure glucose concentration. Since people can be diagnosed the diabetes when the glucose concentration is higher than 11 mM, our optical glucose sensors are creditable. From around 15 mM, the PL intensity starts to saturate, indicating that the GOx can be saturated in this concentration range, that is, all the active sites on the GOx were fully saturated, and further increase beyond this glucose concentration would not affect the enzymatic oxidation reaction. In this range, the limiting factor is glucose and excess one is GOx.
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Conclusions
In this paper, we report the synthesis of the CdSe/ZnS QDs, the ligand exchange of TOPO with MAA, and the immobilization of the GOx using MAA organic linker at the surface of the QDs. The use of MAA was successful not only in providing water solubility to the QDs and immobilizing GOx to the QD surface, but also in transferring electron to the QDs efficiently. The QDsGOx bioconjugates represent nearly linear response of the PL intensity to the increase of the glucose concentration up to about 15 mM. This optical sensor is able to provide many advantages to glucose sensing, for instance it requires only one single chamber for glucose sensing, and thus only small fraction of blood is enough for the sensitive glucose detection and the sensor design and fabrication is very simple. On the other hand, most of the current electrochemical sensors are based on the structure containing three individual chambers, and thus the micro-scale chamber design must depend on the highcost MEMS technique. Also, this optical biosensor does not require any electrodes for glucose sensing, while the current electrochemical biosensors need high-cost platinum electrodes to detect electron flow. The concept of this GOx optical sensor can be expanded to other enzymatic sensing of proteins. 
